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Abstract. The dark matter sector of our universe can be much richer than the conventional picture
of a single weakly interacting cold dark matter particle species. An intriguing possibility is that the
dark matter particle interacts with a dark radiation component. If the non-gravitational interactions
of the dark matter and dark radiation species with Standard Model particles are highly suppressed,
then astrophysics and cosmology could be our only windows into probing the dynamics of such
a dark sector. It is well known that such dark sectors would lead to suppression of small scale
structure, which would be constrained by measurements of the Lyman-α forest. In this work we
consider the cosmological signatures of such dark sectors on the reionization history of our universe.
Working within the recently proposed “ETHOS” (effective theory of structure formation) framework,
we show that if such a dark sector exists in our universe, the suppression of low mass dark matter
halos would also reduce the total number of ionizing photons, thus affecting the reionization history
of our universe. We place constraints on the interaction strengths within such dark sectors by using the
measured value of the optical depth from the Planck satellite, as well as from demanding a successful
reionization history. We compare and contrast such scenarios with warm dark matter scenarios which
also suppress structure formation on small scales. In a model where dark matter interacts with a sterile
neutrino, we find a bound on the ETHOS parameter a4 . 1.2 × 106 Mpc−1. For warm dark matter
models, we constrain the mass mWDM & 0.7 keV, which is comparable to bounds obtained from
Lyman-α measurements. Future 21-cm experiments will measure the global history of reionization
and the neutral hydrogen power spectrum, which could either lead to stronger constraints or discovery
of secret dark sector interactions.
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1 Introduction
In spite of intensive search over decades, the nature of dark matter (DM) still remains a mystery.
The simple hypothesis of a cold dark matter (CDM) particle that interacts extremely weakly with the
Standard Model (SM) particles is in good agreement with astrophysical observations on many scales
ranging from galaxies [1], to cluster of galaxies [2], to cosmological observations of large scale
structure [3] and the cosmic microwave background (CMB) [4]. In fact all of our evidence for the
existence of DM comes from astrophysical observations of its gravitational interactions. However, if
dark matter really does behave like other particles that we are familiar with, we would expect the DM
particle to have other non-gravitational interactions. Thus the fundamental objective of DM particle
physics research is the search for such non-gravitational interactions.
Traditional candidates for the DM particle have focussed on particles with the right properties
to behave as DM, which also solve certain theoretical or experimental problems with the SM. For
example, Weakly Interacting Massive Particles (WIMPs) appear in many extensions of the SM which
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attempt to address the hierarchy problem [5, 6]. The typical strategies for detecting such WIMPs rely
on looking for non-gravitational interactions of these particles with SM particles [7]. For example,
direct detection searches focus on looking for WIMP DM particles passing through the earth and in-
teracting with nuclei in a detector [8, 9]. Currently, there is no convincing evidence for the existence
of such WIMPs through the probes that we have designed, but this allows us to place strong upper
limits on the existence of interactions between DM and SM particles. As we approach the limit of the
“neutrino floor” with the next generation of DM direct detection experiments (where coherent neu-
trino scattering starts to become a large background in the detector) [10, 11], we may be approaching
a natural limit in our ability to search for WIMP dark matter. While the particle physics community
could take the approach of focussing other DM candidates such as axions [12], sterile neutrinos [13],
fuzzy dark matter [14], lighter WIMPS [15] etc., it is also a time for introspection for the paradigm
of terrestrial DM searches as a whole.
It may well be the case that DM interactions with the SM are highly suppressed and attempts
to directly search for DM in terrestrial experiments may result in a dead-end. In such a scenario,
one may ask if there is any way to bolster the evidence for a particle DM species that permeates the
universe. One intriguing possibility is that the dark sector could be much richer than conventionally
imagined. A simple scenario is a dark sector with a DM particle coupled to a light (nearly massless)
species that plays a role analogous to that of photons/neutrinos in the visible (SM) sector. Such a
species has been dubbed “dark radiation” (DR) and many scenarios for such a dark sector have been
proposed in the particle physics literature [16–18]. From a UV perspective, such a dark sector is
motivated by the “hidden valley” scenarios [19, 20].
The existence of dark radiation opens up several probes for searches for dark sector dynamics.
Since the direct interactions of such a dark sector with the SM particles are assumed to be very weak,
the dominant signatures of such a dark sector would be astrophysical and cosmological. An extra
radiation degree of freedom is usually parameterized by a number of effective neutrino species and is
constrained by observations of the CMB and the well established theory of big bang nucleosynthesis
(BBN). However, if the radiation degree of freedom is colder by a factor of a few compared to the
cosmic neutrino background formed out of active neutrino species, then such constraints would be
easily evaded [21]. An interesting observational consequence of a rich dark sector is the impact on
galactic halos due to dark matter self-interactions mediated via the dark radiation species.
There are several discrepancies that arise on small scales when making comparisons between
simulated, collisionless DM halos and the observationally inferred properties of these halos. Some
of the well known problems are the missing satellites problem [22–24], the too-big-to-fail prob-
lem [25, 26] and the core-cusp problem [27–31]. Several astrophysical solutions have been proposed
as resolutions to these problems. For example the “missing satellite problem” could be explained by
our failure to detect ultra-faint dwarf satellites [32] of the Milky Way. Other studies have pointed out
that simple N -body simulations used to study DM on small scales are inadequate since they do not
account for effects of baryonic physics which could significantly alter the distribution of DM [33–35].
For a recent review on the status of these problems and potential astrophysical resolutions see [36].
While astrophysical explanations could be the resolution to these small scale structure problems,
there has also been extensive work on DM self-interactions as a possible solution to these problems
(for a recent review of such explanations see [18]). Self-interacting DM scenarios are subject to
constraints from merging clusters such as the bullet cluster [2], as well as the observed ellipticity of
DM halos on cluster scales as measured through strong gravitational lensing [37, 38], although the
latter constraints have been argued to be less robust [28, 29]. Reconciling the large self-interaction
cross-sections required to explain the small scale structure problems with the bounds from merging
clusters typically leads to the conclusion that the DM self-interaction cross-section must have an
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inverse velocity dependence. This kind of scattering can occur if DM is coupled to a light or massless
mediator [17, 39]. Such a mediator would play the role of DR in the early universe.
On cosmological scales the DM-DR interactions would have an impact on structure formation.
A dark radiation component would create a source of pressure in the coupled DM-DR fluid in the
early universe and this would prevent DM over-densities from collapsing efficiently. This behavior
is familiar from the behavior of the baryon-photon fluid where acoustic waves can be set up in the
coupled fluid. Similarly, a complex dark sector would also experience Dark Acoustic Oscillations
(DAO) along with collisional or silk-damping effects in the DM-DR fluid [40–42]. Even though the
DR would carry an imprint of these acoustic oscillations, the cosmic DR background (the analogue
of the CMB in the dark sector) is likely to be unobservable. However the imprint of the acoustic
oscillations and damping would also show up in the linear matter power spectrum of dark matter,
which would in turn have an effect on the visible matter distribution. While non-linearities would
smooth out the power somewhat, some relics of such an imprint (especially the suppression of power
on small scales) would remain. Such a scenario has been constrained from observations of structure
on small scales using Lyman-α data [43]. While we expect qualitative similarities to warm dark
matter (WDM) scenarios where structure formation on small scales is suppressed due to the free-
streaming of dark matter [44], there are some important differences due to the fact that acoustic
oscillations are seen in the power spectrum rather than just a smooth damping relative to the power
spectrum of standard ΛCDM scenarios.
In the present work, we will examine the impact of DAO on cosmic reionization. With sup-
pressed power on small scales, this would reduce the count of smaller halos in the early universe.
The star light from galaxies in these halos is expected to provide ionizing UV radiation which reion-
izes the universe around a redshift z ∼ 10. Thus, any suppression of small scale structure would
delay or change the reionization history of the universe. By demanding consistency with optical
depth measurements from Planck [4] and the observation that the universe is completely reionized by
a redshift of z = 6 [45], we will demonstrate that one can obtain a bound on the DM-DR interaction
strength1. Ongoing and future 21-cm surveys of the neutral Hydrogen distribution at high redshifts
(z > 8) will also probe the global history of reionization and the 21-cm power spectrum [49–51] and
we will speculate on future constraints/imprints that could be seen in such surveys.
This paper is organized as follows: In Sec. 2, we review the basic ETHOS [52, 53] framework
for studying the effect on the matter power spectrum in dark matter sectors with a dark radiation
component. In Sec. 3 we will give both qualitative as well as quantitative (numerical/approximate
analytic) results for the impact of such dark sectors on the suppression of the linear matter power
spectrum on small scales and highlight the differences with WDM scenarios. A more detailed expla-
nation for the analytic formulae presented in this section is provided in Appendix A. In Sec. 4 we will
examine the impact of the suppression of small scale structure on the reionization of the universe.
In Sec. 4.1, we show that the suppression on small scales persists even when taking non-linearities
into account, then in Sec. 4.2, we generate neutral hydrogen maps of the universe around the epoch
of reionization and set bounds on the range of ETHOS and WDM model parameters by demanding
consistency with a successful reionization history. We discuss future constraints and observational
prospects of DM-DR interactions using 21-cm measurements in Sec. 5. Finally, we conclude and
discuss future directions in Sec. 6.
1For similar attempts at constraining WDM scenarios using cosmic reionization, see Refs. [46–48].
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2 Review of the ETHOS Framework
We begin by briefly reviewing the framework of ETHOS [52, 53] which greatly simplifies the analysis
of cosmological perturbations evolved in the presence of a non-minimal dark sector. In the ETHOS
framework, one can map the parameters in the Lagrangian of a dark sector with interacting dark
matter and dark radiation into a series of coefficients that appear in a redshift series expansion of the
collision terms of the Boltzmann equations for DM and DR. Solving the equations in this framework
allows one to easily map the impact of dark sector self-interactions to the temperature and density
fluctuations in the early universe and in particular to derive a modified matter power spectrum. We
note that the ETHOS framework is general enough to allow for interactions between DM and DR as
well as DR self-scattering. For this work we will only consider DM-DR scattering and assume that
DR self-scattering is negligible or absent.
The particle physics parameters (couplings and masses) enter the Boltzmann equation describ-
ing the phase space evolution of a species (DM or DR) through “opacity coefficients” (κ˙) that are
related to the mean free path (λ) of the relevant particle by,
− κ˙ ' 1/λ ' (nσ). (2.1)
Here, n is the number density of scattering targets and σ is the (thermal) cross-section of the relevant
species with the target. For the type of interactions we are considering, we have two opacity coef-
ficients (κ˙χ and κ˙DR-DM) describing respectively the opacity for DM scattering off of DR and DR
scattering off of DM.
In the ETHOS parametrization the scaling of κ˙χ with redshift (z) is given in a power series
expansion by,
κ˙χ = −4
3
ΩDRh
2
∑
n
an
(1 + z)n+1
(1 + zD)n
. (2.2)
Here, an are model dependent coefficients (with dimensions of length−1) that depend on the DM-DR
scattering amplitude, ΩDR is the present-day dark radiation relic density fraction and h is the usual
dimensionless Hubble parameter. Here, zD is a fixed parameter degenerate with the normalization
of the an. We choose it to be 107 for numerical convenience. The redshift power-series expansion
of κ˙DR-DM is given in terms of the same coefficients an multiplied by powers of (1 + z)n and the
cosmological DM density fraction ΩDMh2 = 0.12206,
κ˙DR−DM = −ΩDMh2
∑
n
an
(1 + z)n
(1 + zD)n
. (2.3)
In order to describe the evolution of the density perturbations one needs to also fix the value of
the present day DR energy density fraction ΩDR (or equivalently the present day temperature ratio of
the DR and CMB, ξ ≡ TDR/TCMB|z=02).
Thus the coupling constants and masses of the particle physics model are mapped on to a series
of coefficients an (for n ≥ 0), which are red-shift series expansion coefficients of the various opaci-
ties. We note that the DM heating rate, also has a redshift series expansion with coefficients denoted
as dn (see Eq. 15 in Ref. [52]). The higher moments of the DR perturbations (quadrupole and above)
are also coupled to each other (and to the density and velocity perturbations) through angle dependent
scattering of DR with DM. The evolution equation for the l-th moment (l ≥ 2) has coefficients αl
2As long as we are studying the density perturbations after e± pairs have transferred their energy to the photon bath
(which occurs at a redshift of z ∼ 109), and if we additionally assume that no new degrees of freedom in the dark sector
annihilate and dump their energy into the DR plasma, the temperature ratio of these two sectors will not vary with redshift.
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multiplying the DR-DM opacity. The coefficients αl are determined from the angular dependence of
the relevant particle physics amplitudes (see Eq. 3 and Eq. 6 in Ref. [52]).
Thus in summary, an ETHOS model with only DM-DR interactions is a mapping from the
particle physics model of the dark sector to the set of parameters {ξ, an, dn, αl} which determine the
evolution of cosmological perturbations. In practice, the coefficients dn and αl for l > 2 have very
little effect on the matter power spectrum, so we will not explicitly state these parameters. The main
advantage of the ETHOS framework is that for typical particle physics models, only a few of the
ETHOS coefficients are non-zero, thus greatly simplifying cosmological calculations.
2.1 ETHOS Models
We will consider a specific model of DM which has interactions with a DR component from the toy
models specified in the ETHOS paper (we will refer to this model as ETHOS 1 or ETHOS model
1). We will also reproduce below the explicit mapping between the Lagrangian parameters and the
ETHOS parameters.
2.1.1 ETHOS 1: DM scattering with a sterile neutrino through a massive mediator
In this model the DM species is a Dirac fermion χ, which interacts with a (nearly massless) sterile
neutrino νs (which plays the role of DR) through a heavy intermediary massive vector boson φµ3.
The interaction Lagrangian is given by:
Lint = −1
2
m2φφµφ
µ − 1
2
mχχχ− gχφµχγµχ− 1
2
gνφµνsγ
µνs. (2.4)
In this model the non-zero ETHOS parameters defined in terms of the Lagrangian parameters
and the temperature ratio ξ are:
ΩDRh
2 = 1.35× 10−6
(
ξ
0.5
)4
,
a4 = (1 + zD)
4 3pi
2
g2χg
2
ν
m4φ
ρc/h
2
mχ
(
310
441
)
ξ2T 2CMB,0,
= 0.6× 105
(gχ
1
)2 (gν
1
)2(0.468 MeV
mφ
)4(2 TeV
mχ
)(
ξ
0.5
)2
Mpc−1,
αl≥2 =
3
2
. (2.5)
In the above formulae, the expression for a4 is valid as long as the DR temperature is smaller
than the mediator mass (mφ). For the small benchmark value of the mediator mass chosen above, we
note that both the mediator and the sterile neutrino dark radiation would contribute to the number of
light degrees of freedom at BBN. However, for our choice of benchmark temperature ratio ξ = 0.5,
this would still be safe from the BBN bounds on extra radiation species [54]. Once the temperature
of the DR bath drops below the mass of the mediator, only the sterile neutrino would behave like a
dark radiation species.
We note here that in this model and the other toy models specified in the ETHOS paper, typically
only one of the an coefficients is non-zero. The effect of DM-DR interactions on the matter power
spectrum is most sensitive to this parameter. In the rest of this paper, we will assume a fixed value of
ξ = 0.5 and we will focus on the dependence of the matter power spectrum on the an coefficients.
3A similar model was studied in Ref. [54] where the authors examined the impact of DM-DR interactions on the linear
matter power spectrum.
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3 The linear matter power spectrum in ETHOS models
3.1 Qualitative understanding of evolution of linear density perturbations in ETHOS models
We will first attempt to understand the impact of ETHOS parameters on the linear matter power
spectrum. The key criteria is to determine the evolution of the Jeans scale in different cosmological
epochs [55]. Density perturbations on scales smaller than the Jeans scale are prevented from collaps-
ing and thus the linear matter power spectrum on such small scales would be suppressed. At early
times while DM is coupled to DR, dark acoustic oscillations give rise to oscillatory features in the
power spectrum with peaks on scales with wave numbers,
kp =
mpi
rmaxs
, for m = 1, 3, 5 etc. (3.1)
where rmaxs is the sound horizon scale at DR decoupling which is given by,
rmaxs ' 0.18
(
a4
0.6× 105 Mpc−1
)1/3
Mpc. (3.2)
Once DR decouples from DM it free streams and continues to drag the DM until the DM decouples.
This leads to a damping of the linear power spectrum on scales set by the DM drag scale which we
can (over) estimate as the maximum free streaming scale of the DR,
λfs ' 0.39
(
a4
0.6× 105 Mpc−1
)1/4
Mpc. (3.3)
The suppression of the power spectrum on small scales will lead to a suppression of low mass
halos with masses smaller than the Jeans mass (MJ ) which is given by,
MJ ' 1010M
(
a4
0.6× 105 Mpc−1
)3/4
, (3.4)
where M denotes solar mass.
It is interesting to compare this to WDM models that also predict a suppression of the matter
power spectrum on small scales. In WDM models the suppression scale is set by the maximum free
streaming scale of WDM which is determined by the onset of non-relativistic free streaming,
λWDMfs ' 0.15
(
2 keV
mWDM
)
Mpc, (3.5)
where mWDM is the mass of the WDM candidate.
A detailed explanation of the scaling relations for rmaxs and λfs with the ETHOS parameter a4
and for λWDMfs with mWDM is given in Appendix A.
3.2 Comparison with the numerical linear power spectrum
The qualitative/analytic predictions for the matter power spectrum can be checked by numerically
computing the linear power spectrum in both the ETHOS and WDM scenarios. We consider three
benchmark model points for ETHOS with a4 = {0.6 × 105, 4.2 × 105, 1.2 × 106}Mpc−1 and
three benchmark WDM models with mWDM = {2.0, 1.0, 0.7} keV. We fix ξ = 0.5 for all three
ETHOS model points. To compute the numerical power spectra for the ETHOS models, we use
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Figure 1. Normalized linear matter power spectrum P (k) as a function of k at z = 124 for ETHOS models
with a4 = {0.6× 105, 4.2× 105, 1.2× 106}Mpc−1 and WDM models with mWDM = {2.0, 1.0, 0.7} keV.
The suppression of the power spectrum on small scales relative to the standard ΛCDM case is clearly visible.
Dark acoustic oscillation (DAO) features are also visible in the ETHOS models that are absent in the WDM
models.
the publicly available ETHOS-CAMB code [52, 56] and for the WDM models, we have used the
analytical formula in Ref. [57]. The results are shown in Fig. 1.
The left panel of Fig. 1 shows the linear matter power spectrum at z = 124 for the three ETHOS
models and the standard ΛCDM power spectrum. We can clearly see the suppression of power on
small scales along with the oscillation peaks. The right panel shows the same power spectrum for
the WDM models. In this case, we see a smooth suppression of power on small scales without
oscillation peaks. The relevant damping and oscillation scales are well predicted by our analytic
formulae. Eq. 3.2 and Eq. 3.3 predict the relevant oscillation and damping scales respectively in the
ETHOS models and Eq. 3.5 predicts the damping scale for WDM models. We see that as the value of
a4 is increased (more scattering of DM and DR) in the ETHOS models or when mWDM is decreased
(later onset of non-relativistic free-streaming) in WDM models, we get suppression on larger length
scales (smaller values of k), relative to the standard ΛCDM scenario.
4 Impact of suppression of small scale power spectrum on reionization
The suppression of the matter power spectrum on small scales could have a dramatic impact on the
reionization history of the universe. Our goal is to study the observable impact of the suppression of
the small scale power spectra in ETHOS and WDM models during the Epoch of Reionization (EoR)
and to place constraints on the model parameters from current observations.
Schematically, the connection between suppression of small scale structure and reionization is
as follows: First, we note that non-linearities which govern the late time evolution of the cosmic
density perturbations will smooth out the power spectrum to some extent. However, we still expect
a suppression in the power spectrum on small length scales (large k) relative to the standard ΛCDM
picture. This in turn leads to suppressed formation of lower mass halos. The deficit of low mass halos
leads to reduced reionization of the universe due to reduced galaxy formation.
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There are two main observational constraints that must be satisfied in such scenarios. The
first constraint arises from the measurement of the optical depth to reionization (τreio), which can
be inferred from CMB anisotropy and polarization measurements. These CMB constraints can be
satisfied for a wide range of ionization histories [58]. It is instructive to note that from the latest
Planck optical depth measurements (τreio = 0.058 ± 0.012) [59], early reionization (before z ∼ 10)
is disfavored. The second observation from quasar absorption spectra is the Gunn-Peterson bound
[60–62], which tells us that reionization is almost complete by z = 6.
The global evolution of the mass-averaged neutral hydrogen (H I ) fraction x¯H I(z) as a function
of redshift during the EoR is largely unconstrained from either of the constraints referred to above. We
can therefore take a simplified version of these two constraints, by requiring that x¯H I(z = 8) = 0.5,
i.e. reionization is 50% complete by z = 8. In practice, for most scenarios, this simplified criteria
suffices to satisfy both the optical depth constraints and the Gunn-Peterson bound.
In this section, we will derive a constraint on the ETHOS and WDM model parameter space
by demanding consistency with the constraint x¯H I(z = 8) = 0.5. In the next section we will also
comment on future 21-cm observations of the neutral hydrogen which can probe the global history
of reionization, as well as measure the power spectra of H I , and could potentially place stronger
constraints on such dark sectors.
4.1 The non-linear power spectrum and the suppression of low mass halos
In order to assess the impact of suppression of small scale structure on reionization, we must first
compute the non-linear matter power spectrum at z = 8. We start with the linear power spectra
(Fig. 1) for the three ETHOS and three WDM benchmark models and for the standard ΛCDM model
at very high redshift around z = 124. For each model we generate an initial Gaussian random density
field at z = 124. We then evolve the power spectra non-linearly till the epoch of reionization with
our own N -body simulation code.
We use a particle mesh N -body code to generate the dark matter distribution at z = 8. We
have run simulations with comoving volume [150 Mpc]3 with a 21443 grid using 10723 dark matter
particles. The spatial resolution of our grid is 0.07 Mpc which corresponds to a mass resolution of
1.09 × 108 M. Fig. 2 shows the matter power spectrum P (k) output from the N -body simulation
at z = 8. Note the suppression of power on scales k & 1 Mpc−1 for the ETHOS (left panel) and
WDM (right panel) models compared to the ΛCDM model. This suppression deepens as we increase
the value of a4 in ETHOS model 1 or with the decrease of mWDM in the WDM model. Also, we see
that the non-linearities smooth out the oscillation peaks in the linear power spectrum of the ETHOS
models.
In the next step, we use the Friends-of-Friends (FoF) algorithm to identify collapsed halos
in the dark matter distribution. We have used a fixed linking length of 0.2 times the mean inter-
particle distance and also set the criterion that a halo should have at least 10 dark matter particles,
which implies a minimum halo mass of 1.09 × 109 M. Our choice of the minimum halo mass is
well motivated because a halo mass of a few 108 M [63] (at z = 8) also corresponds to the virial
temperature (∼ 104 K) of the H I -cooling threshold for star formation.
Fig. 3 shows the simulated comoving number density of halos per unit logarithmic halo mass
dn/d(lnM) as a function of the halo mass M at z = 8 for the benchmark ETHOS and WDM
model parameters that we consider here. The black dashed curves show the theoretical ΛCDM mass
function assuming a spherical collapse model [64]. The simulated ΛCDM mass function, shown with
solid black lines, is in very good agreement with the theoretical mass function. Note that the low
mass halo abundance is substantially reduced for the ETHOS and WDM models as compared to the
ΛCDM model. Since, the linear density perturbations on small scales in the early universe seed the
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Figure 2. The figures above show the non-linear matter power spectrum P (k) as a function of k at z = 8
calculated from the result of an N -body simulation using an initial Gaussian random density field based on
the linear power spectrum for each of the three different benchmark ETHOS and WDM models. We can see
that the suppression of small scale power persists in the non-linear power spectrum, although non-linearities
smooth out the oscillatory features of the ETHOS power spectrum. The black solid curves show the ΛCDM
power spectrum.
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Figure 3. The figures above show the halo mass function extracted from our N -body simulations using the
Friends-of-Friends (FoF) algorithm for each of the three benchmark ETHOS and WDM models. As expected
low mass halos are suppressed in the ETHOS and WDM models as compared to the ΛCDM (solid black
lines) scenario. The black dotted curve is the theoretical ΛCDM mass function of Ref. [64] which is in good
agreement with our simulated ΛCDM mass function.
formation of low mass halos, the number counts for low mass halos decreases as the linear matter
power spectrum on small scales is reduced.
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4.2 Impact on reionization
4.2.1 The parameter Nion
To assess the impact of the halo abundance on the ionization of the universe at a particular redshift,
one needs to assume a relationship between the halo mass (Mhalo) and the number of ionizing photons
emitted per halo (Nhaloγ ). Typically, one assumes a linear relationship of the form [65],
Nhaloγ = Nion
Mhalo
mH
. (4.1)
Here, Nion is a proportionality factor that gives us the number of ionizing photons emitted per unit
halo mass, where we measure the halo mass in units of a reference baryon (hydrogen) mass mH .
The parameter Nion will be crucial for generating the connection between halos and the reionization
signal in our simulations.
We can estimate Nion roughly as follows from the following relationship [66],
Nion = 8
(
Nbion
4000
)(
Mb/Mhalo
1/5
)( esc
10%
)( SF
10%
)
. (4.2)
Here, Nbion is the number of ionizing photons produced in the halo per baryon (assumed to be all
hydrogen). This factor can be estimated for baryons which are processed inside stars. Mb/Mhalo is the
baryonic mass fraction. The total number of ionizing photons that escape the galaxy is tempered by an
escape fraction esc that characterizes the transparency of the halo to ionizing radiation. In addition,
not all baryons will take part in star formation, so a proportionality factor for the star formation
efficiency (denoted by SF) must also be included. In the relationship above, we have assumed some
nominal values for normalization of the above parameters, each of which is subject to large systematic
uncertainties.
Now the question is: What are acceptable values of Nion if ionizing photons from star-forming
galaxies are responsible for the reionization process? Just to give an estimate, it is known that for
a metallicity Z = 0.01 and Scalo stellar mass function [67], Nbion is nearly 4000 per baryon. It
should be noted that all these factors: metallicity, initial mass function, star formation efficiency, and
escape fraction, are highly uncertain4 [69–76]. The only way to obtain a high value ofNion is for zero
metallicity (population III) stars where the number of photons per stellar baryon could be significantly
higher and lie in the range 104 to 105, thus corresponding to higher Nion ∼ O(20 − 200). But these
stars last only a few million years which is considerably smaller than the age of the universe and can
not reionize the universe. In general we can safely say that Nion . 500 [66, 77, 78].
We note the key assumptions here in the definition of Nion. The first assumption is the linear
relationship between halo mass and Nhaloγ , this can be equivalently stated as the assumption that Nion
is independent of the halo mass. The second is the assumption of redshift independence of Nion.
4.2.2 Generating the ionized and neutral hydrogen distribution
Using different values for Nion, we can now numerically find the impact on reionization from halos
with a particular mass distribution. We will attempt to satisfy the constraint of achieving 50% reion-
ization at z = 8. Our expectation is straightforward. With a reduced abundance of low mass halos,
we need larger values of Nion to generate similar levels of reionization. If the suppression of low
mass halos is too drastic, then we will need unrealistic values of Nion, thus ruling out such models.
4For a recent take on the predictions and uncertainties for these quantities, and how the James Webb Space Telescope
is expected to improve upon these, see for example Ref. [68].
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We describe below in detail the procedure used to generate 3-D ionization maps at a given redshift
which is based on the excursion-set formalism of Ref. [79].
We first identify a field for the neutral hydrogen distribution, which we assume traces the mat-
ter distribution of our N -body simulations with a spatially homogenous fraction determined by the
cosmological baryon abundance. We then generate a halo density field on our grid from the halo
distribution identified in our simulation by using the cloud-in-a-cell algorithm. We then generate an
ionizing photon field, which is initially taken to coincide with the locations of the collapsed halos
found in our simulation and whose number densities are obtained using Eq. 4.1, for a given value of
the parameter Nion. Thus, we have a grid of the H I distribution (which traces the matter) and a seed
photon distribution (which traces the halos).
We then account for the propagation of the ionizing photons from the halos into the intergalactic
medium (IGM) and the consequent ionization of the neutral hydrogen field. The propagation length
of the photons is given by the mean free path Rmfp, which we have set to 20 Mpc. This is consistent
with the findings of Ref. [80] from the study of Lyman limit systems at low redshifts. Our procedure
for simulating the photon propagation is to iteratively smooth over the H I field and the photon field
using spheres of radius R starting from the grid length to Rmfp using a top-hat filter. At each step,
we determine whether a grid point is to be ionized if,
〈nγ(x)〉 > 〈nH(x)〉, (4.3)
where nγ(x) is the photon number density and nH(x) is the hydrogen number density at that grid
point. Here, we have assumed that the effect of hydrogen recombination in the IGM is negligible
although such effects could easily be taken into account by a trivial, position-independent rescaling
of the right-hand-side of Eq. 4.3 in the so called “homogenous recombination scheme” (see Ref. [65]).
We use this ionization criteria to define an H II field in our simulation box. After all iterations of the
photon propagation are completed, we are thus left with a neutral as well as ionized hydrogen map.
Adding up the total amount of H II and comparing to the total hydrogen gives us the global ionization
fraction at a given redshift. The grid used to generate the ionization maps are eight times coarser
than the one used for the N -body simulations. The steps outlined in this paragraph closely follow
Refs. [81–85].
It is possible to achieve different reionization histories x¯H I(z) by varying the parameter Nion.
For each benchmark model, we adjust the value of Nion to achieve 50% reionization at z = 8 in
order to satisfy the observational constraints. The value of Nion needed is 23 for the ΛCDM model.
For the ETHOS models, as a4 increases, larger scales undergo suppression (Eq. 3.3) and therefore
we need correspondingly larger values of Nion in order to achieve the same level of ionization at
z = 8. The values (corresponding to increasing values of the benchmark a4 points) are given by
Nion = {100, 301, 721}. Similarly, in the WDM models as mWDM decreases, larger scales undergo
suppression (Eq. 3.5) and we need correspondingly larger values of Nion which are given by Nion =
{57, 225, 861} for decreasing values of the benchmark mWDM values.
We can translate the ionization maps into H I brightness temperature maps using Eq. 4 of
Ref. [86]. Fig. 4 and Fig. 5 show two dimensional sections through the simulated H I brightness
temperature [86] maps of the three ETHOS parameter points and three WDM parameter points along
with the ΛCDM model at z = 8.
By visual inspection of Fig. 4 and Fig. 5 we can clearly see the main difference between ΛCDM
and ETHOS/WDM models is that the size of the ionized regions is larger in the ETHOS/WDM
models. This is a consequence of the fact that the sources require higher values of Nion to achieve
the desired level of ionization. This increased value could be assumed to originate form a higher star
formation efficiency than the nominal value of 10% that we have assumed. Our method predicts an
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Figure 4. Two dimensional sections through the simulated brightness temperature maps of the ΛCDM model
and the three ETHOS benchmark models at z = 8. From left to right the values of the parameter Nion have
been chosen to be {23, 100, 301, 721}, respectively to ensure x¯H I(z = 8) = 0.5. As we increase the value of
a4 in the ETHOS models, the suppression of low mass halos increases and we need to increase Nion in order
to achieve the same level of ionization at z = 8.
0 20 40 60 80 100 120 140
Mpc
0
20
40
60
80
100
120
140
M
pc
0 20 40 60 80 100 120 140
Mpc
0 20 40 60 80 100 120 140
Mpc
0 20 40 60 80 100 120 140
Mpc
0
20
40
60
80
T b
 (m
K)
ΛCDM mWDM = 2.0 keV mWDM = 1.0 keV mWDM = 0.7 keV
Figure 5. Two dimensional sections through the simulated brightness temperature maps of the ΛCDM model
and the three WDM benchmark models at z = 8. From left to right the values of the parameter Nion have been
chosen to be {23, 57, 225, 861}, respectively to ensure x¯H I(z = 8) = 0.5. As we decrease the value of mWDM
in the WDM models, the suppression of low mass halos increases and we need to increase Nion in order to
achieve the same level of ionization at z = 8.
‘inside-out’ ionization, where the high density regions are ionized first and the low density region
later. As the value of a4 is increased in the ETHOS models or mWDM is decreased in WDM models,
the number of low mass halos decreases. This means that the number of ionizing sources in the
ETHOS and WDM models is smaller than in the ΛCDM model.
4.2.3 Setting a constraint on ETHOS and WDMmodel parameter space
To recap our procedure we have used three main steps: (i) we have generated the dark matter distribu-
tion at a desired redshift, (ii) we then identified the location and mass of collapsed halos, (iii) we then
generated the neutral hydrogen map using an excursion set formalism [79]. These techniques have
been well established in previous work studying the physics of reionization (see for e.g. [87–90]).
We have seen (as shown in Fig. 4 and Fig. 5) that in order to achieve the same 50% ionization
level at redshift z = 8, Nion is higher in the ETHOS and WDM models as compared to the ΛCDM
model. If we impose the requirement that values ofNion & 500 are unphysical, then we can conclude
that ETHOS models with a4 & 1.2 × 106 Mpc−1 and WDM models with mWDM . 0.7 keV are
excluded. This result is the main contribution of our work5.
5We note that our WDM constraint is consistent with the result of Ref. [91] which also tried to examine constraints on
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4.2.4 Consistency checks of our procedure and subtle issues
One may ask whether is it justified to neglect the halos of mass 108 < Mhalo < 109 M in our
N -body simulation. In a previous work involving two of the current authors [92], higher resolution
simulations with the smallest halo masses ∼ 108 M were performed in the context of ultra-light
axion dark matter models which also resulted in a suppression of small scale structure. The results
were found not to change qualitatively upon neglecting halos with masses between 108 < Mhalo <
109 M, since the abundance of smaller halos is suppressed as compared to the ΛCDM model and
the luminosity of ionizing photons is proportional to the mass of the halo. A similar effect can be
expected in the ETHOS/WDM models considered in this work. Note that we do not consider the
possible impact on reionization of H2-cooled mini-halos.
Another well known issue with N -body simulations in non-ΛCDM models is the presence of
spurious halos [93–95], which are artifacts of the naive halo-finding procedure that we have em-
ployed. This leads to an over prediction of the number of low mass halos which is visible as an
upturn in the halo mass function at low masses [96]. We can see such a feature in our simulations for
masses . 1010 M in Fig. 3. In previous studies [95], it has been found that these halos have sys-
tematically larger spin values, high ellipticity and prolateness, and also display significant deviations
from virial equilibrium. These features can be used to identify and remove these halos and obtain the
correct halo mass function. This procedure is quite challenging and beyond the scope of this paper
and we therefore reserve this for future work. However, we will comment on the expected effect of
the removal of the spurious halos on our constraint on a4 andmWDM. Using the halo mass function in
Fig. 3 and the assumed linear relationship between halo mass and the number of ionizing photons per
halo (Eq. 4.1), we can estimate the fraction of ionizing photons that are produced in our simulations
from halos of mass. 1010 M compared to the total number of photons as∼ 40%. Thus, even if the
true mass function after removal of the spurious halos displays a sharp cut-off below 1010 M, we
would expect an approximate increase in the corresponding value of Nion by 60% to maintain 50%
ionization at z = 8. For the benchmark points that we have considered, this would not change our
conclusions about which parameter points are ruled out. If we had scanned over more intermediate
parameter points, we would expect that the removal of the spurious halos would have strengthened
our constraint slightly.
We have ignored dark matter self-interactions in the ETHOS models when performing our N -
body simulations. While the DM-DR scattering rate is low enough that it can be neglected, we
note that the existence of a light vector mediator (φµ) in ETHOS model 1 could lead to a Sommerfeld
enhancement [97] of the DM-DM elastic self-scattering cross-section. In order to have an appreciable
effect on virialized halos, it has been estimated that the ratio of energy transfer crosssection to dark
matter mass would have to be on the order of ∼ 0.01 − 1 cm2/g [17, 39]. While this could happen
for certain choices of the masses and couplings in the ETHOS model, it is typically only important
when the mass of the mediator is extremely light as compared to the dark matter mass [98]6.
We have also generated ionization maps at different redshifts and after integrating over redshift,
we found τreio values that lie between 0.046 − 0.061 from our simulations for all the benchmark
ETHOS and WDM models that we have studied and for the ΛCDM model point. This serves as a
consistency check that our naive criteria of requiring x¯H I(z = 8) = 0.5 automatically satisfies the
optical depth constraint.
Our choice of 50% ionization at z = 8 was a simplified criteria to satisfy the optical depth
constraint from Planck as well as the Gunn-Peterson bound. We present in Table 1 the values of
WDM scenarios from observables stemming from the epoch of reionization.
6Ref. [99] has considered the effect of Sommerfeld enhancement leading to an epoch of late time reannihilation of the
dark matter into dark radiation in the ETHOS 1 model and explored some interesting cosmological signatures.
– 13 –
Model/x¯H I(z = 8) 40% 50% 60%
ΛCDM 28 24 19
ETHOS a4 = 0.6× 105 Mpc−1 121 100 80
ETHOS a4 = 4.2× 105 Mpc−1 380 300 234
ETHOS a4 = 1.2× 106 Mpc−1 955 721 541
WDM mWDM = 2.0 keV 69 58 47
WDM mWDM= 1.0 keV 282 226 178
WDM mWDM = 0.7 keV 1155 861 645
Table 1. Table of Nion values for ΛCDM, ETHOS and WDM benchmark models for different assumptions
of the value of the neutral fraction at redshift z = 8, x¯H I(z = 8). Imposing that values of Nion > 500 are
unphysical would lead us to the same conclusions for the exclusions on the benchmark ETHOS and WDM
models for any of the assumed values of x¯H I(z = 8).
Nion that would be needed if we changed the criteria to 40% or 60% ionization at z = 8 for the
standard ΛCDM model, as well as for the ETHOS and WDM benchmark model points. Our choice
of requiring Nion . 500 as a realistic parameter quantifying the number of ionizing photons per halo
would rule out a4 = 1.2 × 106 Mpc−1 and mWDM = 0.7 keV for any of these assumed values of the
ionization fraction at z = 8, while allowing the other benchmark model points. Thus the exclusion
limit on the ETHOS and WDM parameters that we have set is robust to moderate changes in the
assumed ionization fraction at z = 8 within the crude resolution of our benchmark parameters.
We note that the ability to set a strong bound on ETHOS/WDM models is highly dependent on
the assumption that Nion is independent of the halo mass. Cosmological hydrodynamic simulations
have indicated that Nion should increase with halo mass, although the exact dependence is still un-
certain [100]. Although the assumption of constant Nion is standard in the literature, it is possible
that higher mass halos could be responsible for most of the reionization (for example, if Nion is a
rapidly increasing function of halo mass [101, 102]). In such a case, the suppression of low mass
halos will not have a noticeable impact on the reionization history and we will not be able to set a
strong constraint on the ETHOS and WDM models.
Another subtle but related issue is that the dependence of Nion on halo mass could also be
related to the level of suppression of small scale structure in ETHOS/WDM models [103–105]. It
was noticed in hydrodynamic simulations that halos with masses below the suppression scale tend to
have more ionizing UV photons than similar mass halos in the standard ΛCDM cosmology at z > 7.
The increased number of UV photons in the ETHOS/WDM models has been interpreted as being
caused due to the increased formation of starburst galaxies created in the merger of heavy galaxies in
these cosmologies. This is in contrast to ΛCDM simulations, where it was observed that the formation
of starburst galaxies is suppressed by supernova feedback from low mass galaxies, which drives the
star forming gas out of merging galaxies. The expected increase in UV photons from intermediate
mass halos (just below the cut-off) in ETHOS and WDM models was found to partially compensate
for the loss of ionizing photons due to the suppression of the number of smaller galaxies. Ref. [105]
found only a 10% decrease in optical depth in their benchmark ETHOS model due to the overall
decrease in the number of ionizing photons.
5 Future outlook of reionization constraints from 21-cm measurements
Current and future observations of the 21-cm line of neutral Hydrogen could provide us with a much
more precise probe of the epoch of reionization. Observations of the 21-cm line could probe the
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Figure 6. The figures above show the brightness temperature power spectrum ∆2b (k) of the H I field as a
function of k at z = 8 for our three different benchmark ETHOS and WDM models. The black solid curves
shows the ΛCDM H I brightness power spectrum. Models with fewer low mass halos (larger a4 or smaller
mWDM) have fewer, but more intense ionizing sources. The localization of ionized bubbles leads to larger
H I regions which is reflected in the increased brightness power spectra on large scales (∼ 1− 10 Mpc) in the
figure above.
H I power spectrum at different redshifts and in addition they could also be used to measure the red-
shift dependence of x¯H I(z) (or the so called global history of reionization). There is a considerable
effort already underway to detect the epoch-of-reionization 21-cm brightness temperature fluctuation
power spectra through radio interferometry observatories such as GMRT, LOFAR, MWA and PA-
PER [106–109]. Apart from these first-generation radio interferometers, the detection of this signal
is also one of the key science goals of future radio telescopes such as SKA and HERA [49, 110].
To complement this effort, there are also experiments seeking to measure the global 21-cm signal,
such as EDGES, SARAS, and DARE [111–113]. These measurements could be used to set tighter
constraints on the ETHOS and WDM model parameters and self-interacting dark matter scenarios in
general.
In Fig. 6 we show our prediction for the brightness temperature fluctuation power spectra
∆2b (k) = k
3Pb (k)/2pi
2 of the H I field at z = 8 for the ETHOS and WDM benchmark models
that we have considered here along with the ΛCDM model, for a fixed ionization fraction x¯H I = 0.5.
We find that the power for ETHOS and WDM models is greater than the ΛCDM model over a large
range of scales 0.05 Mpc−1 < k < 4 Mpc−1. This feature is to be expected from our discussion
in the last section and by reexamining Fig. 4 and Fig. 5. The reason is as follows: With increasing
suppression of smaller halos in the ETHOS and WDM models, large halos must contribute more to
the ionization of the universe which is assumed to arise from a larger Nion parameter (more ionizing
photons per unit halo mass). As reionization proceeds, larger regions of ionizing bubbles form around
halos as compared to the standard ΛCDM model, where Nion is lower. Since the only constraint we
are imposing is that the ionization fraction at z = 8 is 50%, the neutral H I regions are also contigu-
ously larger and relatively undisturbed since this condition can be satisfied with the larger ionized
bubbles that sit outside the H I regions7. Thus, we expect an enhanced 21-cm brightness temperature
7We have also checked that the 21-cm brightness spectrum that we have obtained is not altered significantly by changing
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on large scales in the WDM and ETHOS scenarios. The relationship between larger ionized bubbles
and the increased 21-cm brightness power spectrum on large scales has been shown analytically [79]
and is consistent with the results of numerical simulations [114].
If deviations from the standard ΛCDM scenarios are observed either in the global history of
reionization or in the 21-cm brightness power spectrum, confirming them as signs of non-standard
dark sector interactions is trickier due to the poorly known astrophysics of reionization. In order
to make progress, it will be important to be able to pin down the astrophysical uncertainties on the
parameters that determine Nion. One way this could be achieved, is through direct observations and
subsequent studies of early galaxies responsible for reionizing the universe [115–117] or observation
of Pop III stars [118, 119].
6 Summary and conclusions
In this work, we have examined the impact of dark matter-dark radiation interactions on the epoch
of reionization. We worked with the generalized ETHOS framework which allowed us to parameter-
ize DM-DR interactions in terms of a few coefficients of a redshift series expansion of the relevant
collision terms in the Boltzmann equations. We chose a particular model (ETHOS 1) as a case study
which involved a sterile neutrino dark radiation component interacting with DM through a massive
vector mediator. We gave qualitative arguments to show that DM-DR interactions lead to a suppres-
sion of small scale structure (relative to the standard non-interacting DM scenario) and we presented
analytical formulae that can be generalized to other ETHOS models for the suppression scale in the
linear matter power spectrum. We also drew comparisons with warm dark matter scenarios where
similar suppression of structure on small scales is expected. We then computed the numerical linear
power spectra in both ETHOS and WDM models and showed that they exhibit the expected suppres-
sion on small scales, but DM-DR interactions also led to prominent acoustic oscillation features in
the matter power spectrum of ETHOS models.
We then showed that non-linearities smooth out the acoustic oscillation features and therefore
the late time power spectra of ETHOS and WDM models (for adjusted parameter choices) can look
similar. In particular we used N -body simulations to find the power spectrum at redshift z = 8,
and we showed that the suppression of the power spectra relative to the standard ΛCDM picture is a
feature that persists even when non-linearities are taken into account. Consequently, we showed that
this led to a suppression of low mass halos.
We then discussed the impact on reionization due to the suppression of low mass halos. This
connection was established by defining a parameter Nion which can be thought of as the number of
ionizing photons escaping the halo per unit mass, where we used hydrogen mass as the reference unit
mass. Despite the large astrophysical uncertainties on the value of Nion, we concluded that one can
safely claim that Nion . 500.
In order to satisfy the optical depth observations from Planck and the Gunn-Peterson bound, we
demanded that a successful reionization history in any DM scenario must achieve 50% reionization by
redshift z = 8. In the ETHOS and WDM models, as the small halos get more and more suppressed,
one needs to increase the value of Nion in order to achieve the same level of reionization. However, if
the suppression of small scale structure is too much, this would require unphysical values of Nion >
500. We therefore used this as a constraint to set bounds on the ETHOS and WDM model parameters.
We found that for ETHOS model 1 the parameter range a4 & 1.2 × 106 Mpc−1 (defined in
Sec. 2.1) and for WDM models the parameter range mWDM . 0.7 keV are excluded.
our criteria on the neutral H I fraction x¯H I = 0.5 to x¯H I = 0.4 or x¯H I = 0.6 at z = 8.
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It is interesting to note that the bounds on the WDM that we have obtained are compara-
ble to (although weaker than) bounds set by Lyman-α measurements around z ∼ 3 which give
mWDM & 5 KeV [43]. We have also argued how future 21-cm measurements of the global history
of reionization and the H I power spectrum could help set improved bounds on DM-DR interactions.
Confirming a deviation in any epoch of reionization observable as a sign of secret dark sector interac-
tions is much more difficult. This would require a better understanding of the astrophysical processes
that drive reionization. This could happen through direct observations of early galaxies or Pop III
stars.
In conclusion, our work has demonstrated that the epoch of reionization can provide an in-
teresting probe of DM-DR interactions. By working in the generalized ETHOS framework, we have
created a path from converting the particle physics parameters to a suppression scale in the linear mat-
ter power spectra, and then set a bound on the amount of suppression in the matter power spectrum
from demanding a successful reionization history.
While the ETHOS constraint we have derived is specific to ETHOS model 1, our general argu-
ments and use of the ETHOS framework allow us to potentially generalize the reionization constraints
to any kinds of dark sector with DM-DR interactions. While the connection between the particle
physics parameters and the suppression scale of the linear matter power spectrum have a simple an-
alytical relationship, the reionization constraints require numerical analysis. We plan to develop a
simplified version of this constraint (based on the a scan over several suppressed linear matter power
spectra) in a future work, so that the EoR bounds can be used by model builders to quickly assess the
EoR constraints on self-interacting dark sector models.
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A The Jeans scale in ETHOS and WDMmodels
A.1 Qualitative understanding of evolution of linear density perturbations in ETHOS models
We will first attempt to understand the impact of ETHOS parameters on the linear matter power
spectrum. The key criteria is to determine the evolution of the Jeans scale in different cosmological
epochs [55]. Density perturbations on scales smaller than the Jeans scale are prevented from collaps-
ing and thus the linear matter power spectrum on such small scales would be suppressed. We will
attempt to map the ETHOS parameters (and hence the particle physics parameters) to the evolving
Jeans scale. Since damping of the power spectrum on very large scales would be in conflict with ob-
servations, we will focus on a range of ETHOS parameters that lead to a maximum comoving Jeans
scale of at most λJ ∼ 1 Mpc.
There are several interesting features that arise in the matter power spectrum due to the presence
of DM-DR scattering.
– 17 –
• In the early universe when DM and DR are tightly coupled, the collapse of DM density pertur-
bations is prevented by the pressure created by the DR fluid. Dark acoustic oscillations (DAO),
similar to baryon acoustic oscillations are set up due to the interplay between gravitational at-
traction and pressure generated by DR. The Jeans scale in this epoch is given by the sound
horizon.
• While DM and DR are coupled, collisions will lead to a diffusion (Silk) damping of the oscil-
lation power spectrum.
• At later times after DM and DR decouple from each other, free-streaming of the DM prevents
collapse on small scales. The Jeans scale in this era is just given by the free-streaming length
of dark matter. We thus expect an overall attenuation of the power spectrum on scales smaller
than the Jeans scale due to free-streaming of dark matter in this epoch.
The oscillatory and damping features are clearly visible when one numerically solves the full set
of coupled DM-DR-metric perturbation evolution equations. However, we would like to qualitatively
analyze how the scales of DAO, damping and free-streaming depend on the DM-DR interaction
strengths. To study these effects on the DM power spectrum, we need to identify the key transitions
between the epochs of interest.
Fig. 7 shows the evolution of the Jeans scale as a function of the FRW scale factor (a) for
ETHOS model 1 using a benchmark parameter a4 = 0.6× 105 Mpc−1. Also shown is the comoving
Hubble scale (aH)−1 as a function of the scale factor. The key transitions in the behavior of the
evolution of the DM density perturbations occur at four distinct times (three of which are shown by
the vertical lines in Fig. 7) which we discuss below.
• The first critical transition in behavior occurs when DM becomes non-relativistic. We assume
this happens very early on while DM is still coupled to the DR fluid. This transition is assumed
to happen very early and is not shown in the figure.
• Eventually DM and DR interactions fall out of equilibrium. There are actually two decoupling
times of interest, the first is when DR decouples and begins to free stream. This occurs when
−κ˙DR−DM ' aH . The second is when DM stops scattering off of the free-streaming DR fluid,
when −κ˙χ ' aH . We denote the scale factor at these time as aDRdec and aDMdec respectively.
Note that we are making a simplifying assumption of instantaneous decoupling. Both these
decoupling transition times are shown in Fig. 7. We will assume that DM decouples8 deep in
the radiation epoch. Since we have already assumed it is non-relativistic, it thus survives as a
cold relic.
• The epoch of matter radiation equality (MRE) for the universe is also shown in this figure. We
denote the scale factor at this time as aMRE. The exact value of aMRE has a slight dependence on
the value of ΩDR but is mostly unchanged from the standard ΛCDM picture, aMRE = Ωrh
2
Ωmh2
≈
3 × 10−4. Here, as usual, Ωr and Ωm denote the total radiation and matter density fractions
today.
8Henceforth, whenever we use the term “decoupling”, we use it to mean kinetic decoupling.
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Figure 7. The evolution of the Jeans length scale (blue solid line) in the early universe in ETHOS model 1 with
a4 = 0.6×105 Mpc−1 as a function of the FRW scale factor a. The epochs of DR decoupling, DM decoupling
and matter-radiation equality are clearly marked. The behavior of the modes smaller than the Jeans scale is
initially suppressed due to acoustic oscillations and later due to non-relativistic free streaming. The maximum
damping scale is set by the Jeans length at DM decoupling and modes below this scale will be exponentially
damped. Also shown for reference is the comoving Hubble length (dashed magenta line).
We can estimate the decoupling scale factors at the two decoupling transitions in any given
ETHOS model as,
aDRdec =
(
ΩDMh
2
Ω
1/2
r
an
H0(1 + zd)n
)1/(n−1)
,
aDMdec =
(
ΩDRh
2
Ω
1/2
r
4
3
an
H0(1 + zd)n
)1/n
. (A.1)
Here, we have assumed that κ˙χ ∝ an(1 + z)n+1 is a model dependent redshift scaling of the DM
mean free path. For the specific ETHOS model considered in Sec. 2.1 (where n = 4), we find the
following dependence of the scale factor at decoupling on the ETHOS parameters,
aDR, mod1dec = 6.91× 10−7
(
a4
0.6× 105 Mpc−1
)1/3
,
aDM, mod1dec = 1.48× 10−6
(
a4
0.6× 105 Mpc−1
)1/4
. (A.2)
As noted above, we have assumed instantaneous decoupling at a given redshift. However, this
assumption depends on the width of the redshift dependence of the visibility function −κ˙χe−κχ . The
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visibility function can be roughly thought of as a probability distribution function for the redshift
of last scattering between DM and DR. Ref. [52] showed that as n increases, the visibility function
becomes narrower and the instantaneous decoupling approximation is justified. A second assumption
that we make is that both these decouplings take place well before MRE in order to avoid major
changes to the matter power spectrum on large scales on the order of the comoving Hubble horizon
size at MRE (∼ 100 Mpc)9.
We are now ready to understand the qualitative features that are expected to show up in the
matter power spectrum and the scales at which they would operate. We will discuss the Jeans scale
in each of four distinct epochs.
Before DR decoupling (tightly coupled epoch): In the very early universe, before DR decou-
pling has taken place, the DM-DR fluid oscillates with a sound-speed cs which is given at conformal
time (τ ) by,
c2s(τ) =
1
3
(
1
1 +Rd
)
=
1
3
(
1 +
(
3
4
ΩDMh
2
ΩDRh2
a
))−1
. (A.3)
In analogy with the coupled baryon-photon fluid, we have defined the parameter Rd which is related
to the DM and DR densities as Rd = 34
ρDM
ρDR
= 34
ΩDMh2
ΩDRh2
a.
The tightly-coupled DM-DR fluid oscillates as a single fluid until DR decoupling. The instanta-
neous sound horizon before DR decoupling as a function of conformal time (τ =
∫
dt/a(t)) is given
by,
rs(τ) ' cs(τ)
aH
. (A.4)
The sound horizon corresponds to the Jeans scale in this epoch (See Fig. 7). This gives us a maximum
sound horizon scale at DR decoupling of,
rmaxs ≡ rs(τDRdec ) '
1√
3
aDRdec
H0Ω
1/2
r
' 0.18
(
aDRdec
6.91× 10−7
)
Mpc ' 0.18
(
a4
0.6× 105 Mpc−1
)1/3
Mpc,
(A.5)
where the last equality holds specifically for ETHOS model 1. Since inflation only excites the cosine
modes, this leads to peaks in the linear matter power spectrum at wavenumbers kp = mpirmaxs , where
m = 1, 3, 5 etc.
During this epoch, collisional or diffusion damping of modes below the Silk-damping scale rSD
will occur. The damping scale is given in the tightly-coupled regime by [52],
rSD(τ) = pi
(
−1/6
∫ τ
0
dτ ′
κ˙χ + κ˙DR-DM
[
κ˙DR-DM
κ˙χ + κ˙DR-DM
+
4κ˙χ
5(α2κ˙DR-DM)
])1/2
. (A.6)
Damping will take place on all scales smaller than the Silk damping scale as long as DM and DR
are kinetically coupled. The maximum relevant damping scale is thus given by kSD(τDRdec ), where we
evaluate the damping scale at DR decoupling. If we make the reasonable approximation that decou-
pling occurs when the DR density is still dominant over the DM density, then we can approximate
|κ˙DR-DM|  |κ˙χ| in Eq. A.6. This simplifies the expression for the maximum damping scale to,
rSD(τ
DR
dec ) = pi
(
(1 + zD)
n
6H0Ω
1/2
r (Ωχh2)an
(
(aDRdec)
n+1
n+ 1
4
5α2
))1/2
. (A.7)
9Decoupling post MRE would lead to oscillations of the power spectrum on very large scales, in a scenario akin to a
baryon dominated universe.
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Thus for ETHOS model 1 we have,
rmod1SD (τ
DR
dec ) = 0.13
(
aDRdec
6.91× 10−7
)5/2(
0.6× 105 Mpc−1
a4
)1/2
Mpc, (A.8)
= 0.13
(
a4
0.6× 105 Mpc−1
)1/3
Mpc. (A.9)
Post DR decoupling but before DM decoupling (DM drag epoch): Once DR decouples it
will free stream, but since the DM continues to be coupled to the dark radiation it will get dragged
along with the DR. A full treatment of the Jeans scale is complicated by the “slip” between DM and
DR. For simplicity, we will assume that DR free streams with an RMS speed c/
√
3 and that the DM
gets dragged along without slipping. This assumption will result in us slightly overestimating the
relevant Jeans scale which is then given by,
λfs(τ) =
c√
3
1
aH
(A.10)
between the epochs of decoupling of DR and DM.
The Jeans scale at the end of this epoch is thus given by,
λfs ' 1√
3
aDMdec
H0Ω
1/2
r
' 0.39
(
aDMdec
1.48× 10−6
)
Mpc ' 0.39
(
a4
0.6× 105 Mpc−1
)1/4
Mpc. (A.11)
Again, the last equality is valid only for ETHOS model 1.
Post DM decoupling (DM free streaming epoch): The next interesting transition is when DM
decouples from the free streaming DR. There is a sudden drop in the speed of the DM and it will free
stream with a non-relativistic speed given by,
cχ '
√
5
3
Tχ
mχ
. (A.12)
Here Tχ is the effective DM temperature which falls as ∼ 1/a2 in this epoch. Density perturbations
on scales larger than the free streaming scale will not begin to grow till MRE, rather they will stagnate
in this epoch (Meszaros effect [120]). However, scales smaller than the free streaming scale will be
strongly damped. We can find the free streaming length in this epoch as,
λfs(τ) =
cχ
aH
' v
DM
dec
H0Ω
1/2
r
. (A.13)
Here, vDMdec is the velocity of the DM component at the time of decoupling from dark radiation.
The last equality is true only deep in the radiation dominated era, and leads to a prediction of a
constant Jeans scale in this epoch. This free streaming scale is highly suppressed compared to the
Jeans scale prior to DM decoupling.
Post MRE: Post MRE dark matter continues to free stream non-relativistically. The Jeans scale
in this epoch drops as a−1/2, due to the slower growth of the Hubble length scale in the matter
dominated era. Density fluctuations on scales larger than the Jeans scale can now experience power
law growth.
Thus in summary, two key features remain imprinted on the linear matter power spectrum post
MRE. Firstly, the dominant damping is due to the drag experienced by DM while it is still coupled
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to the free-streaming DR. Scales smaller than the maximum free streaming length (Eq. A.11) are
damped in the linear matter power spectrum. Secondly, the imprint of oscillations as a remnant of
the DM and DR interactions will remain in the linear matter power spectrum, with peaks visible on
scales corresponding to kp (see the discussion below Eq. A.5).
The suppression of the power spectrum on small scales will lead to a suppression of low mass
halos with masses smaller than the Jeans mass (MJ ) which is given by,
MJ =
4pi
3
ρmR
3
J ' 1010M
(
RJ
0.39 Mpc
)3
= 1010M
(
a4
0.6× 105 Mpc−1
)3/4
. (A.14)
Here, M denotes solar mass, RJ is the relevant Jeans radius and ρm is the total matter density (DM
and baryons). In the last equality we have set RJ to the maximum free-streaming length of DM in
ETHOS model 1 (Eq. A.11).
We note below a few key differences between DR/DM decoupling in the scenario that we are
considering here and conventional baryon-photon decoupling.
• Baryon photon decoupling occurs post MRE and therefore affects larger scales than those of
DR/DM oscillations.
• Baryons and photons decouple from each other at epochs which are relatively nearby in redshift
because of the phase transition at recombination. There is no such phase transition in the simple
dark sectors that we are considering and therefore the decoupling of DR and DM are much more
widely separated in redshift.
• Based on the previous point, we thus have an extended phase of evolution of the DM density
perturbations between the epochs of decoupling of DR and DM. During this epoch DM is
dragged along with the free streaming dark radiation.
We note that the case of a dark “recombination” where dark atoms are formed and the conse-
quent impact on structure formation was considered in Ref. [41]. In such a scenario, behavior which
is more similar to the baryon-photon acoustic oscillations is expected in the dark sector.
A.2 Difference with WDM
It is natural to compare the ETHOS models that we have considered in this section to warm dark
matter (WDM) scenarios, where one expects a damping of the power spectrum due to free streaming
of relativistic dark matter. We briefly review the phenomenology of WDM scenarios and contrast
them with the ETHOS scenarios discussed previously.
WDM scenarios have a dark sector consisting of a light (typically keV scale) DM particle which
is assumed to decouple early from the thermal bath while it is still relativistic, i.e. when the temper-
ature of the dark matter is much greater than its mass (mWDM). Here, we assume for simplicity that
the WDM is coupled to the standard model plasma (visible photons) which is at a temperature T . The
generalization to the case where the dark sector has a dark radiation component is a trivial extension
of this scenario10.
Post-decoupling, the DM will free stream with an RMS speed c/
√
3, until the effective DM
“temperature” drops below the DM mass. We denote this temperature as TNR (we approximate this
10For all effective purposes, if ξ parameterizes the ratio of the dark sector radiation bath to the visible sector tempera-
ture, then one can derive identical formulae for the relevant cosmological scales to those in the text with the replacement
mWDM → mWDM/ξ.
– 22 –
Ha HL-
1
Stagnation
Non-relativistic
Free streaming
Non-relativistic
Free streaming
Growth
Relativistic Free Streaming
D
M
be
co
m
es
N
R
M
RE
-10 -8 -6 -4 -2 0
10-6
10-4
0.01
1
100
Log10 a
C
om
ov
in
gD
ist
an
ce
sc
al
eHM
pc
L
Figure 8. The evolution of the Jeans length scale (blue solid line) in the early universe in a WDM model with
mWDM = 2 keV as a function of the FRW scale factor a. The epochs of DM becoming non-relativistic and
matter-radiation equality (MRE) are clearly marked. The growth of the modes smaller than the Jeans scale
is initially suppressed due to relativistic and later due to non-relativistic free streaming of dark matter. The
maximum damping scale is set by the Jeans length at the onset of non-relativistic free-streaming and modes
below this scale will be exponentially damped. Also shown for reference is the comoving Hubble length
(dashed magenta line).
condition by setting TNR = mWDM/5). Thus there are two critical transitions of interest that charac-
terize WDM scenarios: 1) the decoupling transition (we assume the scale factor at this epoch is very
small and can be set to zero for our analysis) and 2) the onset of non-relativistic behavior (we assume
that this happens when the scale factor of the universe is aNR and it occurs in the radiation dominated
era).
Even after DM decouples, it will continue to have an effective thermal temperature that char-
acterizes its phase space distribution. As long as the DM is relativistic, this temperature falls off as
∼ 1/a. Once the DM becomes non-relativistic, the effective temperature falls off as ∼ 1/a2. The
scale factor at the onset of the non-relativistic epoch is given by,
aNR ' 5.87× 10−7
(
2 keV
mWDM
)
. (A.15)
The free streaming scale for WDM is given by,
λfs(τ) =
v(τ)
aH
' v(τ)
H0Ω
1/2
r
a, (A.16)
where we can approximate v(τ) = c/
√
3 when the DM is relativistic and as v(τ) =
√
5T
3mWDM
after
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the DM becomes non-relativistic. The last equality in the equation above is valid only in the radiation
dominated era.
Thus, the free streaming scale at the onset of the non-relativistic era is given by
λfs(τNR) = 0.15
(
aNR
5.87× 10−7
)
Mpc = 0.15
(
2 keV
mWDM
)
Mpc. (A.17)
Thereafter, the free streaming scale remains constant throughout the era of radiation domination.
Post MRE, the Jeans scale will fall off as a−1/2 due to the slower growth of the Hubble length scale
in the matter dominated universe.
The evolution of the Jeans scale for a 2 keV WDM candidate is shown in Fig. 8 along with
the critical transition times. Perturbations on scales smaller than the maximum free streaming length
scale will be damped relative to the standard ΛCDM scenario. Note that unlike the DR/DM scenarios
that we considered in the case of the ETHOS models, we do not expect to see acoustic oscillations.
However, compared to standard ΛCDM scenarios, we expect to see a damping of the power spectrum
on scales smaller than the maximum free streaming length scale.
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